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Abstract
X-ray absorption spectroscopy at the L-edge of 3d transition metals is widely used for probing the valence electronic structure at the metal site via 2p-3d transitions. Assessing the information contained in L-edge absorption spectra requires systematic comparison of experiment and theory.
We here investigate the Cr L-edge absorption spectrum of high-spin chromium acetylacetonate Cr III (acac)3 in solution. Using a transmission flatjet enables determining absolute absorption cross sections and spectra free from x-ray induced sample damage. We address the challenges of measuring Cr L absorption edges spectrally close to the O K absorption edge of the solvent. We critically assess how experimental absorption cross sections can be used to extract information on the electronic structure of the studied system by comparing our results of this Cr III (3d 3 ) complex to our previous work on L-edge absorption cross sections of Mn 
I. Introduction
X-ray absorption spectroscopy (XAS) at the L-edge of 3d transition metals is widely used for studying the local valence electronic structure at the metal center. As L-edge XAS probes the metal-centered 2p3d transitions from the metal L (2p) shell to the unoccupied metal 3d-derived molecular orbitals, 1-3 the L-edge absorption spectra are sensitive to the spin state and the oxidation state of the metal center and to the local metal-ligand environment. [4] [5] [6] [7] [8] [9] However, the absorption energies and transition intensities are shaped by a multitude of interactions, which makes it demanding to systematically correlate spectra and local electronic structure of the complex. Still, there are general trends that are highly useful. For example, it is an accepted notion that for highspin complexes the metal oxidation-state is expressed as a spectral shift in L-edge XAS. 1, 4, 8, [10] [11] Further, the integrated absorption cross section is proportional to the number of 3d holes and the metal-character of the 3d orbitals and the relative intensity of the L3 and L2 edges, split by 2p spinorbit coupling, is sensitive to the spin state. 12 Finally, spectral shape can be used to get further details about metal-ligand interactions with the use of advanced theoretical methods. 3 High-spin ionic acetylacetonato complexes are ideally suited systems to assess these observables in a systematic study. These complexes are composed as M X (acac)y where M X denotes the metal ion with the formal oxidation state X and y denotes the number of (acac) -1 ligands. 3d transition metal acetylacetonates are available for M = V, Cr, Mn, Fe, Co, Ni, Cu with metal oxidation states X = II, III, and they reflect important classes of metal-ligand symmetries, from tetrahedral (y = 2) to (Jahn-Teller distorted) octahedral (y = 3) metal-oxygen symmetry. Recent experimental and theoretical advances now enable new approaches to an unambiguous interpretation of L-edge XAS spectra of transition metal complexes. Liquid-jet sample delivery systems allow probing the sample in solution 8, [13] [14] thereby avoiding the influence of x-ray induced sample damage of the high-valent systems by continuously replenishing the sample. 8, [15] [16] Novel ab initio restricted active space (RAS) calculations [17] [18] [19] [20] combine descriptions of local atomic multiplet and ligand-field effects in the core-excited final states 2-4, 6, 21-22 with treatment of orbital interactions thereby enabling to correlate L-edge XAS spectra with charge and spin densities at the metal site.
Here we use a fast-flowing liquid flat-jet system 14, [23] [24] to measure the Cr L-edge transmission larger than 20 mM the transmission flatjet could not be sufficiently stabilized for measurements in the transmission flatjet.
Experimental Setup and Data Analysis.
We used a recently reported transmission flatjet setup 23 at the undulator beamline UE52-SGM 33 of the BESSY II synchrotron radiation facility with similar experimental parameters as described before. 14 Two colliding liquid jets were injected into vacuum using two nozzles with 48 µm inner diameter and at a sample flow rate between 3.0 and 3.2 ml/min, using a HPLC pump (Jasco PU-2085-Plus). The successively formed primary liquid sheet of the transmission flatjet was centered for normal incidence in the x-ray beam and was probed at effective thicknesses around 3 µm. The probed thickness was approximately constant in the range of the x-ray spot diameter of approximately 60 µm. 33 The liquid sample was trapped at liquid nitrogen temperature after probing. We used a monochromator slit size of 145 µm, corresponding to a spectral bandwidth of 300 meV at the Cr L-edge with a typical beamline flux on the order of 2x10 12 photons/s (current of ~30 µA on a Hamamatsu G1127-04 2K
photodiode, read out with a Keithley Electrometer model 6514B). For a spectrum scan of the Cr L-edge, the monochromator was scanned from 565 eV to 595 eV in steps of 0.1 eV with an integration time of 1 s per energy step. The duration of a single-scan was on the order of 10 min.
Spectra of the O K-edge were taken to determine the sample thickness (500 eV to 700 eV in steps of 2 eV). Transmission spectra were obtained from the ratio T(h)=IT(h)/I0(h) of flux transmitted through the sample IT(h) with respect to the flux I0(h), measured without the sample in the beam.
The spectra were processed as discussed with Figs. S1-S5 of the Supporting Information (S.I.).
The axis of incident photon energy is based on the calibration of the undulator beamline and agrees with the one in ref. 13 , as can be seen in the agreement of the L3 -edge absorption maximum of The employed sample thicknesses between 3.1 µm and 3.2 µm were determined separately for each Cr spectrum scan. These values are close to the thicknesses of around 3 µm used in our previous investigation 14 and they are close to the theoretical optimum of 2.2 µm (estimated here for h=580 eV in the same way as in ref.
14 ).
The sample thicknesses were obtained from least-squares fits of the experimental transmission curves of ethanol with transmission data calculated using Beer-Lambert's law T(h)=exp(-L/(h)), where L is the sample thickness and (h) is the experimental attenuation length of ethanol as detailed in Figs. S2-S4 in the S.I.. We note that reference spectra (I0) were taken at the beginning and at the end of each experimental 12 hour shift here to guarantee accurate determination of I0 and elimination of any experimental differences that may alter I0 from day to day (from shift to shift). Fits of the measured T(h) with tabulated values were applied to data points in non-resonant spectral regions, namely between 500 and 530 eV, between 560 and 573 eV and between 591 and 700 eV for the O K-edge and between 560 and 573 eV for spectra at the Cr L-edge. We note that we fitted only the spectral region below the absorption onset of the Cr Ledge. In contrast to our preceding work in ref.
14 this conceptually allows us to keep the information on the absorption edge-jump on the high-energy side of the Cr L-edge as is discussed in the section III.
Sources for Experimental Uncertainties.
The experimental spectra are affected by a number of sources of experimental noise and uncertainties. We here briefly outline how these uncertainties affect the average spectrum discussed in the following sections. First, source and readout noise: As discussed in our preceding publication, 14 
CFM and CTM Multiplet Theory.
Semi-empirical crystal field multiplet (CFM) 34 and charge transfer multiplet (CTM) 32 calculations of ionic Cr 3+ were performed in octahedral (Oh) symmetry for a ligand field splitting (10 Dq) of 2.1 eV, using the CTM4XAS interface (software release 5.5). 35 In CTM, a charge-transfer configuration 2p 6 3d n+1 L was added to the 2p 6 3d n ground state from CFM (where L denotes a ligand hole) and charge transfer (CT) configurations 2p 5 3d n+2 L were added to the 2p 5 3d n+1 core-excited final states. These additional configurations are known to produce satellite features on the high-energy sides of the L3 and L2 edges, respectively. 40 at the RASPT2/ANO-RCC-VDZP level, 41 using the polarized continuum model (PCM) for the ethanol solvent. The use of the computationally less demanding VDZP-level basis set is supported by the nearly identical L-edge XAS spectra obtained with VDZP and VTZP-level calculations for manganese acetylacetonates. 11, 14 In the RAS calculations, a minimal active space consisting of the five metal-3d dominated orbitals were placed in the RAS2
space. The Cr 2p orbitals were placed in the RAS3 space, allowing a maximum of five electrons (at least one hole) in the core excited states. All possible configurations that represent single core excitations were included. To ensure that the hole stays in the Cr 2p orbitals (instead of moving to orbitals with higher energy), these orbitals were frozen in the RASSCF optimizations. RASPT2
calculations were performed using the default ionization potential electron affinity (IPEA) shift of 0.25 Hartree and an imaginary shift of 0.1 Hartree. The sensitivity of the RAS results to different model choices is shown in detail in ref. 42 . The oscillator strengths (absorption strengths) were calculated between orthogonal states formed from a RAS state-interaction approach that also includes spin-orbit coupling. 43 The spectra were calculated for T=300 K with Lorentzian life-time broadenings of 0.2 eV and 0.6 eV (FWHM) for the L3 and L2 edges, respectively, 37 and a Gaussian broadening of 0.3 eV (FWHM), reflecting the incident energy bandwidth. All spectra calculated with RAS were shifted by -2.54 eV to match the calculated with the experimental L3-edge absorption maximum.
III. Results and Discussion

L-edge Transmission XAS of Cr III (acac)3 in Solution.
We show in Fig information on the absorption edge-jump on the high-energy side of the Cr L2-edge at 590 eV and above due to the 2p ionization continuum. In electron yield-detected L-edge XAS this edge-jump is used, for example, for spectrum normalization 3 . In our data the amplitude of this edge-jump is affected by a large uncertainty on the order of 100% (1 statistical uncertainty).
For comparison, we overlay our spectrum with the experimental L-edge XAS spectrum of solid Cr III (acac)3 published by Carlotto et al. 47 (for easier comparison this spectrum was shifted by +6.4
eV and normalized to an absorption maximum of 8.9 Mb to align the reference spectrum with our spectrum). While the magnitudes of the absorption edge-jumps are comparable in the two spectra we note differences below and above the L3-and L2-edges. Using the energy alignment of the two spectra as in Fig. 3 , in the solid-state spectrum intensities seem to be redistributed from below to above the edge maxima. This could be an indication of dose-dependent x-ray induced sample damage characteristic for x-ray absorption studies of high-valent transition metal complexes with synchrotron radiation, occurring at absorbed doses on the order of 10 6 Gy (1 Gy=1 J/kg). [15] [16] Within our approach, using a fast flowing liquid flatjet, we measure x-ray absorption spectra with average doses around 60 Gy, which guarantees spectrum measurements free from sample-damage.
We found no indications for the x-ray dose absorbed by the sample in ref. 47 .
As current theoretical approaches do not take into account the absorption edge-jump we omit this information in the following and keep the spectrum in 14 We observe a clear "pre-edge" peak around 1.5 eV below the main peak and a weak shoulder around 2.5 eV below the main peak. The high-energy side of the L3-edge appears with a smooth slope. The L2-edge features are less distinct, which is consistent with the larger lifetime broadening in the L2 than the L3-edge. CFM and CTM Calculations. In Fig. 4 we now compare the experimental spectrum of Cr III (acac)3 to simulated spectra from the CFM approach, using 10 Dq=2.1 eV (cf. we found a smaller 10 Dq in the CFM model (1.5 eV) than reported from UV-vis spectroscopy (around 2.2 eV) and tentatively assigned this to a reduction of 10 Dq due to core-hole effects.) 14 The CTM spectrum (middle row in Fig. 4 ) is based on the same parameters as the CFM spectrum but, in addition, includes charge transfer (CT) states in the initial ground state (2p 6 3d n+1 L added to gives a ligand-field splitting of 2.2 eV, the same value as in the UV/Vis experiments. [27] [28] [29] The Cr L-edge XAS spectrum using the RAS approach is shown in Fig. 4 and there is good overall agreement with experiment. Similar to the CTM calculation the smooth slope on the high-energy side of the L3-edge is better described by RAS than by the CFM calculation. Similar to the CFM calculation the RAS spectrum, however, deviates from experiment in terms of the overpronounced pre-edge feature in the L3-edge and in the too strong main peak in the L2-edge. In contrast to the CTM spectrum and similar to the CFM spectrum, features appear to be too sharp in the RAS spectrum and this may point to limitations of the RAS calculations when using only five metal 3d-derived orbitals in the active space. 11, 14, 17 RAS allows for the decomposition of x-ray absorption spectra for the properties of the core- Fig. 5A ): Upon 2p-3d core-excitation an electron is added to one of the unoccupied eg-type orbitals resulting in the lowest electron configurations of a high-spin 3d 4 system. At higher incident energies, the different configurations mix strongly as indicated by the deviation of the eg component in Fig. 5A from the cross section (black sum in Fig. 5A ). In the limit of complete mixing, there is equal occupation of all five metal 3d-derived orbitals in the core-excited states, giving average population numbers of 0.8. This translates to negative contributions for the t2g orbitals (green t2g component in Fig. 5A ) and larger than unity eg contributions. This picture of strong mixing in the L-edge XAS spectrum of 3d transition metal systems with weak ligand fields aligns with previous observations for the Mn-acac complexes. 10 Here the mixed configurations only matter at absorption energies higher than 577 eV and thus about 2 eV above the absorption onset of the spectrum, similar to the ligand field splitting of Cr III (acac)3. In the present analysis, the orbital contributions for the low-energy sides of L2 and L3 edges differ. This is possibly an artifact from the perturbative treatment of spin-orbit coupling that overestimates the contribution from high-energy states with L3-type spin-orbit coupling in the L2-edge.
In Fig. 5B we show a decomposition of the RAS spectrum from This trend is also expected from multiplet calculations for ionic systems. 12 However, the deviations between RAS and experimental results are larger than the uncertainties in the experiment. This suggests that the calculations of the branching ratio in the RAS calculations can be improved. We have previously speculated that the deviations are due to perturbative treatment of the strong spin-orbit coupling, 14 and it is possible that improved results would require at least a 2-component relativistic approach.
49-51
Integrated Absolute Absorption Cross Sections.
In our preceding study we have outlined how the integrated absolute absorption cross sections, here named absorption integrals, of metal L-edge XAS spectra can be used to extract information on the occupation number or, alternatively, the number of "holes" in the metal 3d shell. 14 Previous studies at the Fe L-edge have shown that comparison of integrated absorption spectra not only can provide information on the number of electrons in the metal 3d-derived orbitals but also on a more detailed level on their covalent or, inversely, their metal ionic character. 3, [6] [7] However, while comparing absorption integrals for electron yield-detected XAS requires sensitive normalization schemes, 3 transmissiondetected XAS holds the promise to allow for directly determining absolute absorption cross sections. 14 The absorption integral of the experimental Cr III (acac)3 spectrum (Fig. 3B) amounts to 45±12 Mb·eV, as integrated over the full L-edge between 573 and 590 eV. That of the L3-edge region is 21.7±8.7 Mb·eV, as integrated between 573 and 582 eV (1 statistical uncertainties).
The experimental error bars are significantly larger than the systematic uncertainties due to different background subtraction scheme (linear background as applied here vs. edge-jump background as applied, for example, in ref. 3 ).
In Fig. 7 we combine these values with our earlier results from Mn (Fig. 7A ) and for the L3-edge only (Fig.   7B ) as a function of the nominal number of holes in the metal 3d orbitals or, alternatively, the nominal 3d occupation number. Assuming that the degree of covalency of the metal 3d-derived molecular orbitals is equal for these three predominantly ionic systems, one would expect a linear increase of absorption integrals where the integrated absorption cross section is proportional to the nominal number of 3d holes (proportional to 10 minus the nominal 3d occupation). Reflecting this simple expectation we included in Figs. 7A and 8B fits to the data using uncertainty-weighted least-squares fits where the lines cross the origins in the plots ("no absorption without 3d holes").
This linear fit may approximate the experimental absorption integrals of the entire L-edge reasonably well within the error bars (Fig. 7A) although it has to be noted that an improved signal to noise ratio will be necessary in future experiments to conclusively claim this. The linear fit certainly, and this can be stated with the experimental error bars given here, fails to describe the integrals of the L3-edges only (Fig. 7B ). This deviation is consistent with the trend observed in the branching ratios which decrease from Mn absorption integral with the number of 3d holes (Fig. 7B) .
IV. Conclusion
We present the first Cr L-edge absorption spectrum of Cr occupation (increasing number of nominal 3d holes). This trend is reproduced by the RAS calculations. The integrated absorption cross sections of only the L3-edge, however, markedly deviate from this linear relationship which is consistent with differences in the respective L-edge branching ratios. From our data we estimate that for being able to assess details of this relationship and the covalent character of the metal-ligand bonds in particular, a decrease in experimental uncertainties by an order of magnitude would be required.
Supporting Information
Details on the data analysis; multiplet calculations.
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